Objective-To examine whether, in coronary patients after myocardial infarction, the dispersion of ventricular repolarisation measured through QT and JT intervals from a surface electrocardiogram could allow separation of those with ventricular tachyarrhythmias (VT) complicating their myocardial infarct from those without. Design-A retrospective comparative study. Setting-University hospital. Patients-39 patients with myocardial infarction complicated by VT, 300 patients after myocardial infarction without arrhythmic events, and 1000 normal subjects. The myocardial infarction groups were divided into anterior, inferior, and mixed locations. Interventions-A computer algorithm examined an averaged cycle from a 10 second record of 15 simultaneous leads (12 lead ECG + Frank XYZ leads). After interactive editing, four intervals were computed: QTapex, JTapex, QTend, and JTend. For each interval, the dispersion was defined as the diVerence between the maximum and minimum values across the 15 leads. Results-The mean values of all four dispersion indices were higher in patients with myocardial infarction than in normal subjects (p < 0.01). In the infarct groups, patients with VT had significantly greater mean and centile dispersion values than those without VT. For instance, the 97.5th centile value of QTend was 65 ms in normal individuals, 90 ms in infarct patients without arrhythmia, and 128 ms in those with VT; 70% of the infarct patients who developed serious ventricular arrhythmias had values exceeding the 97.5th centile of the normal group, while only 18% of the infarct patients without arrhythmia had dispersion values above this normal upper limit. Among the infarct patients, nearly half of those (18 of 39) with tachyarrhythmias had dispersion values that exceeded the 97.5th centile of those without arrhythmia. Conclusions-Dispersion of ventricular repolarisation may be a good non-invasive tool for discriminating coronary patients susceptible to VT from those who are at low risk.
The dispersion of ventricular repolarisation, defined as the QT interval variability from lead to lead on the surface electrocardiogram (ECG), could reflect a regional heterogeneity of myocardial recovery.
1- 4 Increased dispersion has been reported as a non-invasive marker of an electrophysiological arrhythmogenic substrate and it has been associated with high risk of ventricular arrhythmias and sudden death in various cardiac disorders. [5] [6] [7] [8] In a recent normalisation study, we found that not only QT interval dispersion but also other indices measured on the whole QRS-T complex, especially the JT index, could be used in the quantitative assessment of the dispersion of ventricular repolarisation. 9 However, there has been only a limited amount of data published on the use of indices other than the QT interval.
Patients with myocardial infarction may have an inhomogeneous ventricular repolarisation process. These patients are at increased risk of developing life threatening ventricular arrhythmias. Indeed, about 10% of patients who survive to hospital discharge die the first year after the acute event. 10 One third of the deaths occur suddenly and are presumed to be caused by ventricular arrhythmias. 11 Since patients are at increased risk of arrhythmic death after myocardial infarction, assessment of dispersion of ventricular repolarisation could have important clinical implications. It would be worthwhile to identify patients at risk by a simple, non-invasive, and low cost procedure so that they could receive appropriate treatment.
We therefore investigated whether the dispersion of ventricular repolarisation, measured through QT and JT intervals from surface electrocardiograms by a new computerised method, might allow us to separate myocardial infarction patients with a documented history of ventricular tachyarrhythmias from those without.
Methods

STUDY POPULATION
Dispersion of ventricular repolarisation was assessed in 39 patients with myocardial infarction (mean age 59 (SD 10) years; 33 men and six women), complicated by the occurrence of ventricular tachyarrhythmias such as nonsustained (n = 15) or sustained (n = 12) ventricular tachycardia or ventricular fibrillation (n = 12). The results of these patients were compared with those of 300 other patients with myocardial infarction but without any arrhythmic complication (mean age 58 (11) years; 250 men and 50 women). According to the infarction site, the infarct groups were subdivided into three locations: anterior (n = 8), inferior (n = 16), and mixed (n = 15). The control group consisted of 1000 healthy subjects (mean age 46 (16) years; 410 men and 590 women) with no structural cardiac abnormalities. These normal controls were selected on the basis of history, physical examination, chest x ray and, in some cases, echocardiography. Most were ambulatory subjects seen at the outpatient clinic for systematic health checks. A few of them were hospital inpatients undergoing a prospective work up before gynaecological or orthopaedic surgery. All electrocardiograms of coronary patients were recorded after the acute phase of myocardial infarction, with a delay ranging from two months to 22 years (mean 55 (72) months).
PROCEDURES
The electrocardiograms were recorded on a machine capable of simultaneous 15 lead acquisition: the 12 standard ECG leads and the three orthogonal Frank XYZ leads (Marquette Electronics, Milwaukee, Wisconsin, USA). Each record consisted of a 10 s digitised 15 lead sample at 500 Hz with a resolution of 5 mV. The electrocardiographic data were transferred on disk to a computer where beat averaging of each record was performed by a special program (fig 1) . Several fiducial points were then automatically identified on the resulting averaged P-QRS-T complex: QRS onset (Q) and oVset (J) and the T wave apex (Ta) and end (Tend). This program defines the J point as the return of the QRS deflection to the isoelectric baseline and the Tend point as the return of the distal limb of the T wave to the TP baseline level. The apex of the T wave is defined as the maximum positive or negative amplitude in a search region starting at 40 ms after the J point until the end of the T wave. Further adjustment of the fiducial points can be made in each individual lead by manual editing through an interactive method using a graphical display. From the validated fiducial points, four intervals were directly computed and considered for the present study: QTa, JTa, QTend, and JTend (fig 2) . When a U wave was present, the two intervals addressing the global ventricular repolarisation were measured from the Q and J points, respectively, to the nadir of the curve joining the T and U waves. For each interval, the dispersion was defined as the diVerence between the maximum and the minimum values across the 15 leads. According to this definition, four dispersion indices were calculated: QTa-d, JTa-d, QTe-d, and JTe-d. All values were corrected for heart rate using Bazett's formula. 12 In order to minimise interobserver variability, the measurements were performed by the same observer. Extensive clinical validation of this semiautomated method has been undertaken in our laboratory. A particular record was excluded from statistical analysis if it contained more than five leads rejected because there was no reliable T wave end location, for example, a flat T wave, excessive noise level, artefact, and so on. The three groups were compared using analyses of variance with either the Brown-Forsythe test or an F test according to the significance of Levene's test for equal variances across groups. Any significant result initiated contrast analyses for pairwise comparisons using either separate or pooled t tests with Bonferroni adjusted significance levels. The data are presented as means (SD). Table 1 shows the global distribution of the mean values of the four dispersion indices among the three clinical groups. The mean dispersion values were smallest in the normal group, higher in the infarction group without arrhythmic complication (p < 0.01), and highest in infarct patients with a history of ventricular tachyarrhythmias (p < 0.001). In all three groups, the values of the JT indices, which represent the dispersion of the sole repolarisation phase, were larger than those of the QT indices, which encompass both depolarisation and repolarisation phases. Table 2 gives more details on the comparisons of the mean dispersion values and the centile ranges between the three subgroups of infarct patients, divided according to infarct location. Among patients with arrhythmic complications, there were eight anterior, 16 inferior, and 15 mixed myocardial infarcts. In each infarction subgroup, patients with ventricular tachyarrhythmias had significantly higher indices of ventricular repolarisation dispersion than those without. Furthermore, each mean value in the patients with ventricular tachyarrhythmias was close to the corresponding 97.5th centile value of the patients without such arrhythmias. Figure 3 shows the distribution of the values of the most commonly used ventricular repolarisation dispersion index, the Qte dispersion, in the three clinical groups. Although the mean values diVer significantly between the groups, there was an important overlap between the distributions of individual values of QTe-d in the normal subjects and in the patients after myocardial infarction, although in the latter this overlap was less marked between those with and those without ventricular tachyarrhythmias. For instance, the 97.5th centile value of QTe-d was 65 ms in normal subjects, 90 ms in the group without arrhythmias, and 128 ms in patients with ventricular tachyarrhythmias after myocardial infarction.
Results
Another way to express the results is to analyse the discriminant power of the QTe dispersion, which can be represented by the percentage of patients in the myocardial infarction groups who have dispersion values exceeding the 97.5th centile of the normal group. Seventy per cent of the infarct patients who developed serious ventricular arrhythmias had values of both QTe-d and JTe-d that exceeded the 97.5th centile of the normal group, while only 18% and 15% of the infarct patients without arrhythmic complication had dispersion values of QTe and JTe intervals above this normal upper limit. Moreover, by examining only the two infarct groups, we found that nearly half the patients (18 of 39) with tachyarrhythmias complicating their myocardial infarction had dispersion values that exceeded the 97.5th centile of the patients who had had no arrhythmia.
Discussion
It is well established that ventricular repolarisation characteristics play an important role in arrhythmogenesis. [13] [14] [15] In the assessment of ventricular repolarisation, prolongation of the QT interval duration is known to contribute to triggering of arrhythmias. 2 16 Recently, the dispersion of ventricular repolarisation, measured (25) from the surface ECG and defined as the interlead variability of the QT interval, has been reported as a new method for analysing ventricular repolarisation. Dispersion of repolarisation is thought to reflect regional heterogeneity of the recovery process within the myocardium, which is believed to be important in the genesis of ventricular arrhythmias.
1-4 The concept that QT interlead variability reflects the dispersion of ventricular repolarisation is supported by the close correlation between changes in dispersion of repolarisation from ventricular monophasic action potential recordings and changes in QT interval variation produced by ventricular pacing. [17] [18] [19] Furthermore, dispersion of ventricular repolarisation has been shown to be increased in various cardiac disorders known to be complicated by ventricular arrhythmias, such as long QT syndrome, drug toxicity, and dilated and hypertrophic cardiomyopathies. [5] [6] [7] [8] Life threatening ventricular arrhythmias represent a major complication in coronary patients with myocardial infarction. 10 11 In experimental investigations, regional disparities in repolarisation have been measured by electrodes placed several millimetres apart with a small field of view. Variation in ventricular recovery times is an important factor in experimental tachyarrhythmias. The usual site of abnormal dispersion from which arrhythmias occur is at the border zone of the infarcted area. [20] [21] [22] The search for a good indicator of susceptibility to ventricular arrhythmias in patients after myocardial infarction is thus of great importance.
In a previous report on a normalisation study, we described in detail the semiautomated method used for quantifying the dispersion of ventricular repolarisation from 15 lead digitised ECGs. We showed that the incorporation of the three orthogonal XYZ leads as well as the inclusion of the JT interval increased the dispersion diVerences between several clinical groups. 9 This method was applied here to the study of repolarisation dispersion after myocardial infarction with and without arrhythmic complications, compared with normal controls. The results of our study show that QT and JT dispersion indices, measured as the maximum diVerence of each interval on a surface ECG, are significantly increased in patients after myocardial infarction complicated by ventricular tachyarrhythmias compared with those who had no arrhythmic event.
In a recent study, Van de Loo et al measured QT dispersion in 127 subjects, including 50 without structural heart disease and 77 with myocardial infarction. They found that the mean (SD) values of QT dispersion were 30 (10) ms in normal controls, 56 (24) ms in patients with myocardial infarction, and 88 (30) ms in patients with ventricular fibrillation after myocardial infarction. 23 Our results are consistent with those findings. Indeed, we found nearly the same mean QT dispersion values-30 (15) ms in healthy subjects, 46 (20) ms in patients after myocardial infarction, and 80 (25) ms in patients with ventricular tachyarrhythmias occurring after myocardial infarction. Higham et al, in a prospective study of 55 coronary patients, found that QT dispersion was significantly increased in patients with myocardial infarction compared with those admitted for unstable angina, at 69 (18) v 38 (13) ms. They also showed that QT dispersion values were greater in four postinfarction patients who developed ventricular fibrillation than in those without ventricular arrhythmias after acute myocardial infarction (87 (15) v 66 (18) ms). 24 The dispersion values of these four patients were very similar to those found in our group of 39 postinfarction patients with ventricular tachyarrhythmias. In an investigation by Pye et al, 25 QT dispersion was markedly increased in myocardial infarct patients with ventricular tachyarrhythmias in comparison with a control group, at 82 (22) v 38 (10) ms, and in a retrospective study, Glancy et al reported that increased QT dispersion measured on ECGs recorded four weeks after myocardial infarction was associated with increased mortality during the next five years. 26 Our results are also in agreement with those of Perkiomaki and coworkers, who examined the value of QT dispersion from 12 lead ECGs in patients with previous myocardial infarction with and without a history of serious arrhythmic events or inducible ventricular tachycardia during programmed electrical stimulation. 27 They found that QT dispersion was significantly increased in patients with susceptibility to ventricular tachyarrhythmias compared with healthy subjects or postinfarction patients with no susceptibility to arrhythmias. Multivariate analysis showed that QT dispersion was the independent factor that most eVectively identified the patient groups with and without susceptibility to ventricular tachyarrhythmias.
Zareba et al reported that increased dispersion of ventricular repolarisation was associated with a greater likelihood of arrhythmic cardiac death and contributed independently to the risk of sudden death in patients with coronary artery disease. 6 They evaluated repolarisation dispersion not only from the QT interval but also from the JT interval, and they found that JT dispersion was increased in postinfarction patients who died suddenly as compared with survivors (82 (26) v 59 (20) ms). Their results are very similar to ours, especially for the new JT dispersion index, which was 87 (28) ms in patients with ventricular tachyarrhythmias and 52 (21) ms in the infarct patients without arrhythmic complication. This was the first published study in which dispersion of ventricular repolarisation was assessed by means of the JT interval, disregarding the QRS duration. This concept is closer to reflecting the sole recovery process than the most commonly used dispersion index, the QT interval, which encompasses both depolarisation and repolarisation phases.
The results of our study provide more evidence of the value of measuring dispersion of ventricular repolarisation on the surface ECG to identify susceptibility to arrhythmias. We are well aware that our group of patients with ventricular tachyarrhythmias is not homogeneous, since it was composed of patients with ventricular fibrillation and sustained and nonsustained ventricular tachycardia. The electrophysiological basis of these diVerent kinds of arrhythmia is not the same, and one can postulate that within this group there might be important variations in dispersion features. However, because of the limited sample size, we did not attempt to diVerentiate between the three types of ventricular tachyarrhythmia.
Along with late potentials and heart rate variability, dispersion of ventricular repolarisation might be used to select the patients in whom more expensive and invasive investigations, such as programmed ventricular stimulation, are indicated. It was interesting to find that diVerentiation between the two infarct groups on the basis of their repolarisation dispersion remained possible many months after the acute event. We have also confirmed that JT dispersion, which represents the sole repolarisation process, is a valuable index in the assessment of repolarisation dispersion. These findings suggest that the use of a single value of the QT interval on the surface ECG might not be suYcient. Far more information about ventricular repolarisation can be obtained by calculating the dispersion of each interval.
The dispersion of ventricular repolarisation seems to be a good non-invasive tool for discriminating patients susceptible to ventricular tachyarrhythmias from those who are at low risk. The real accuracy of this method compared with others should of course be established. Because of its retrospective nature, our study does not provide information about the predictive value of the dispersion of ventricular repolarisation for future arrhythmic events in individual patients after myocardial infarction. It simply illustrates the gradual increase in the spatial heterogeneity of ventricular recovery from normal subjects to patients with uncomplicated myocardial infarction to those with serious ventricular arrhythmias.
